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The Anterior Dental Loading Hypothesis states that the unique Neanderthal facial and dental anatomy
was an adaptive response to the regular application of heavy forces resulting from both the masticatory
and cultural use of the anterior teeth. Heavy anterior tooth wear frequently observed in Neanderthal
specimens is cited as a main source of evidence for heavy forces being applied to these teeth. From this, it
might be predicted that the wear shown on the anterior teeth of Neanderthals would greatly exceed that
of the posterior teeth and that this differential would be greater than in other hominins with different
facial morphologies.
In this paper, a new method of examining tooth wear patterns is used to test these predictions in
a large assemblage of Late Pleistocene hominins and a group of recent hunteregatherers from Igloolik,
Canada. The results show that all Late Pleistocene hominins, including Neanderthals, had heavily worn
anterior teeth relative to their posterior teeth but, contrary to expectations, this was more pronounced in
the modern humans than in the Neanderthals. The Igloolik Inuit showed heavier anterior tooth wear
relative to their posterior teeth than any Late Pleistocene hominins. There was, however, a characteristic
Neanderthal pattern in which wear was more evenly spread between anterior teeth than in modern
humans. Overall, the evidence presented here suggests that all Late Pleistocene hominins habitually
applied heavy forces between their anterior teeth and that Neanderthals were not exceptional in this
regard. These results therefore does not support the Anterior Dental Loading Hypothesis.
 2012 Elsevier Ltd. Open access under CC BY license.Introduction
Despite the long history of research into Neanderthal cranio-
facial morphology, much debate still remains about its evolution.
The main hypotheses include adaptation to cold climates, adapta-
tion to high masticatory and paramasticatory forces, and genetic
drift. Much attention has focused on the biomechanics of the
Neanderthal face and in particular the way in which different
features of its morphology might have evolved to resist strong bite
forces.
These ideas can together be called the ‘Anterior Dental Loading
Hypothesis’, which proposes that the unique Neanderthal facial
anatomywas largely an adaptive response to the highmagnitude of
forces applied between the upper and lower anterior teeth. It has
been proposed that this was the result of heavy use of the incisorsent), simon.hillson@ucl.ac.uk
ense.and canines both for food preparation/mastication and as part of
the toolkit in processing materials and/or producing artefacts and
manipulating them (Smith,1983; Rak,1986; Demes,1987; Trinkaus,
1987; Spencer and Demes, 1993; Brace, 1995). In comparison with
those of modern humans, Neanderthal anterior teeth are large
relative to their posterior teeth (Wolpoff, 1971; Trinkaus, 1978). In
addition, they have a distinctive morphology with bulging, robust
crowns and strongly marked shovelling in the maxillary incisors
with unusually pronounced marginal ridges on the lingual side of
the crowns. The incisors also have enlarged lingual tubercles and
a strong curvature to the labial side of the maxillary incisors
(Crummett, 1995; Ungar et al., 1997; Bailey, 2000, 2002, 2006).
These features are seen as an adaptation to powerful forces acting
on the teethe the enlarged ridges and bulging sides would provide
buttressing for the crown. They would also supply a larger volume
of tooth that might confer a greater resistance to wear, and it is
often observed that Neanderthal anterior teeth are heavily worn
(Wallace, 1975; Puech, 1981; Trinkaus, 1983; Clement, 2000, 2008).
This anterior tooth wear is cited as one of the main sources of
evidence for the habitual application of heavy forces between these
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and Paquette, 1989; Brace, 1995), but until the late Holocene all
hominin dentitions display high levels of wear.
Neanderthal cranio-facial morphology
Although many of the key features of the Neanderthal face are
not unique, their combination is, deﬁning Neanderthals as
a distinct group within the genus Homo. This has led to an intense
debate about the mechanisms that led to the evolution of the
Neanderthal face (e.g. Howell, 1952; Rak, 1986; Trinkaus, 1987;
Smith and Green, 1991; Spencer and Demes, 1993; Antón, 1994;
Brace, 1995; Hublin, 2000; Ponce de León and Zollikofer, 2001;
Franciscus, 2003; O’Connor et al., 2005; Rosas et al., 2006;
Weaver et al., 2007; Weaver, 2009). The distinguishing features of
Neanderthal cranio-facial morphology (in comparison with other
Late Pleistocene and Holocene hominins) include: rounded and
laterally projecting parietal bones; a posteriorly projecting
occipital bone with a suprainiac fossa; sloping squamous portion
of the frontal bone with double-arched brow ridges and a pro-
jecting glabella; posteriorly and inferiorly orientated temporo-
mandibular joint; reduced mastoid processes; receding zygomatic
arches; elongated upper facial height; total facial and particularly
mid-facial prognathism; inﬂated infra-orbital regions of the
maxilla; broad palate and alveolar processes (relative to length);
absence of a canine fossa in the maxilla; wide nasal apertures;
elevated pneumatization in the frontal, nasal and maxillary
sinuses; robust mandibles with a receding symphysis, a rounder
gonial area, a posteriorly positioned mental foramen, high coro-
noid and/or low condylar processes, large retromolar spaces, and
large anterior tooth crowns relative to posterior tooth crowns
(Smith, 1983; Stringer et al., 1984; Rak, 1986; Demes, 1987;
Trinkaus, 1987; Smith and Paquette, 1989; Tattersall and
Schwartz, 1998; Franciscus, 2003; Nicholson and Harvati, 2006;
Rosas et al., 2006).
During the 1950s and 1960s, cold adaptation was identiﬁed as
the main factor in the evolution of the unique Neanderthal facial
morphology (Howell,1952; Coon,1962; Carey and Steegman,1981).
This hypothesis focused on the Neanderthal nasal region and
became known as the ‘nasal radiator hypothesis’, suggesting their
mid-facial prognathism and wide nasal cavity evolved in order to
warm inspired air, preventing the effects of cold air on the brain.
Later studies, such as those by Franciscus and Trinkaus (1988) and
Laitman et al. (1996), further developed this hypothesis viewing the
large dimensions of the external Neanderthal nose, the depressed
nasal ﬂoor, the presence of an internal nasal margin and large
paranasal sinuses as an adaptation for moisture retention and heat
dissapation in cold and dry climates. More recent studies suggest
that the Neanderthal’s depressed internal nasal ﬂoor conﬁguration
andwide aperture are primarily the result of stochastic events, such
as random genetic drift and local selection in isolated Neanderthal
populations, rather than climatic adaptations (Franciscus, 2003;
Holton and Franciscus, 2008).
Howell (1951, 1952) highlights the link between the evolution of
Neanderthal facial morphology and random genetic drift, arguing
their geographic isolation in glacial Europe provided optimum
conditions for genetic drift to occur. Hublin (1990, 1998, 2000)
further suggests that periodic climatic crises would have dramati-
cally reduced the available territories in the European subconti-
nent, leading to demographic bottlenecks and subsequent genetic
drift. A statistical analysis based on 37 standard cranial measure-
ments from Neanderthal and modern human skulls tests predic-
tions made from quantitative and population genetic history and
shows that genetic drift could explain differences in their cranial
morphology (Weaver et al., 2007).Brothwell (1975) attributes the differences between modern
human and Neanderthal facial morphology to differential growth
rates, linking many features of the Neanderthal cranial and post-
cranial skeleton to early maturation (such as fusion of epiphyses in
long bones and different components of the cranial base) followed
by a long period of post-pubertal growth. More recently, Green and
Smith (1990), Smith and Green (1991), and Smith (1991) associate
accelerated in utero growth rates of the chondrocranium (the
embryonic cartilaginous cranium) with the distinctive Neanderthal
facial morphology. This work is supported by the ﬁndings of
Maureille and Bar (1999), Ponce de León and Zollikofer (2001) and
Franciscus (2003), that characteristic differences in cranial and
mandibular shape between Neanderthals and modern humans
arose very early in their development, possibly prenatally.
The evolution of the Neanderthal cranio-facial morphology has
also been explained biomechanically as an adaptation to strong
forces habitually applied to the anterior dentition (Brace, 1964;
Smith, 1983; Rak, 1986; Demes, 1987; Trinkaus, 1987; Smith and
Paquette, 1989; Spencer and Demes, 1993). This Anterior Dental
Loading Hypothesis focuses particularly on the mid-facial progna-
thism, greater upper facial height and infra-orbital morphology
(Smith, 1983; Rak, 1986; Demes, 1987; Trinkaus, 1987). Rak (1986)
suggests that the unique facial morphology of Neanderthals stems
fromachange in the infra-orbital region fromthecoronalorientation
of the generalised face (as seen inmodern humans and other species
within the genus Homo) to a more sagittal orientation, resulting in
a prognathic mid-facial region and cheekbones (zygoma) that
appear swept back. This togetherwith amore anterior positioning of
the tooth row with respect to the mandibular ramus would have
rendered the infra-orbital plates more efﬁcient in opposing the
forces resulting from anterior dental loading, which would tend to
rotate the anterior part of the face superiorly in the sagittal plane.
Trinkaus (1987) also argues that paramasticatory loading (that
is, forces due to tasks outside the normal range required for
feeding) of the Neanderthal anterior dentition resulted in elevated
levels of mechanical stress in the facial skeleton. He agrees with Rak
that several features of the zygomatico-maxillary region were an
adaptation to this elevated level of stress. However, Trinkaus (1987)
views the orientation of the infra-orbital plates as a secondary
consequence of the relative antero-posterior positioning of the
dental and masticatory muscle regions.
The ability of the Neanderthal musculo-skeletal system to
generate exceptionally heavy anterior dental loads has also been
widely debated (Demes, 1987; Antón, 1990, 1994; Couture, 1993;
Spencer and Demes, 1993; O’Connor et al., 2005). Initial research by
Demes (1987) into the biomechanics of the Neanderthal face
supports the mechanical explanation for its unique morphology,
ﬁnding that the inﬂated mid-facial proﬁle of the Neanderthals
wouldhaveofferedmore resistance against high torsionalmoments,
resulting from heavy anterior tooth loading, than the concave mid-
facial proﬁle of most other hominins. In addition, Demes (1987)
suggests that the smooth curvature of the infra-orbital plate in
Neanderthals hadadistinctmechanical advantageover theproﬁle of
the ‘generalised’ face, by reducing local stress concentrations.
Further research by Spencer and Demes (1993) also supports the
idea that the Neanderthal cranio-facial morphology was at least in
part specialised for anterior tooth use. In particular, they view the
anterior migration of the masticatory muscles (masseter, tempo-
ralis and medial pterygoid) in Neanderthals, relative to the
temporomandibular joint, combined with the shortening of the
dental arcade through the more posteriorly positioned incisors and
anterior migration of the molar teeth as mechanically advanta-
geous in producing bite forces between their anterior teeth.
Antón (1994) uses a vector analysis model to assess whether the
Neanderthal cranio-facial morphology was able to produce
Table 1
Sample sizes.
Group No. of
specimens
No. of teeth measured
Upper Lower Total
Neanderthals 21 109 194 303
Middle Palaeolithic MHs 5 53 45 98
Upper Palaeolithic/Early
Epi-Palaeolithic MHs
27 132 159 291
Inuit of Igloolik 86 764 922 1686
Total 139 1058 1320 2378
MHs¼Modern Homo sapiens.
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(1987) and Spencer and Demes (1993), Antón (1994) ﬁnds that bite
force production at both incisal and molar bite points were 20e22%
smaller in Neanderthals than modern humans. She suggests this
discrepancy between studies arises from estimations of muscle
positions relative to the temporomandibular joint and criticises
Demes (1987) and Spencer and Demes (1993) for using only muscle
attachments on the cranium to estimate position and not those on
the mandible, thus exaggerating the anterior migration of muscle
force direction. Antón (1994) further suggests that the high level of
dental wear seen in Neanderthal anterior teeth, rather than being
caused by high levels of anterior dental loading, is most likely due
to repetitive chewing in food preparation or other behaviours.
More recently, O’Connor et al. (2005) test the Anterior Dental
Loading Hypothesis by assessing both force-production capability
and force-production efﬁciency of the Neanderthal face using the
entire masticatory system. They calculate measures of force-
production capability and force-production efﬁciency using
points taken with a 3-D digitiser on the cranium and associated
mandibles of four Neanderthals and 29 early and recent modern
humans. They ﬁnd that Neanderthal’s bite force capability is
neither considerably more nor less efﬁcient at generating anterior
dental loads compared with early modern and recent modern
humans. O’Connor et al. (2005) also ﬁnd that force-production
efﬁciency is maintained across a considerable range of facial size
and robusticity, challenging the idea of a direct association between
a high-magnitude anterior dental loads and Neanderthal facial
morphology. They also conclude that if Neanderthals were not
generating exceptionally heavy anterior dental load then the
increased dental wear on their anterior teeth could only be the
result of repetitive use.
The Neanderthal dentition
The morphology of the Neanderthal’s anterior teeth has been
seen as an adaptation to either masticatory or paramasticatory
behaviours e that is, uniquely heavy use of incisors and canines in
processing and chewing of food or heavy use of these teeth for
activities not directly related to feeding (Stewart, 1959; Brace,1962;
Coon, 1962; Brace et al., 1981; Smith, 1983; Trinkaus, 1983; Demes,
1987; Antón, 1994; O’Connor et al., 2005). As noted above, the
anterior tooth crowns are large compared with the posterior
crowns, relative tomodern human dentitions, and possess enlarged
lingual tubercles, pronounced shovelling in the maxillary incisors,
and strong labial curvature (Molnar, 1972; Puech, 1981; Ungar et al.,
1997; Bailey, 2000, 2006). As for the morphology of the Neander-
thal skull, these features of the dentition are not unique to Nean-
derthals but, in combination with each other and with the skull,
they deﬁne a distinctive morphological complex.
Extreme patterns of wear have been frequently documented in
the Neanderthal dentition (Molnar, 1972; Wallace, 1975; Puech,
1981; Bermúdez de Castro et al., 1988; Lalueza et al., 1996; Ungar
et al., 1997; Bax and Ungar, 1999), as well as a high incidence of
chipping, fracturing and ante-mortem tooth loss (Puech, 1981;
Tappen, 1985; Tillier et al., 1995; Fox and Frayer, 1997). The Nean-
derthal pattern of heavy wear has been compared with that of
modern hunteregatherer groups, such as the Greenland Inuit who
use their teeth as tools for tasks such as softening raw seal-hide
(Bax and Ungar, 1999). Molnar (1972) notes that Neanderthal
incisors and canines exhibit heavier wear than their molars, which
are, in contrast, relatively unworn. This is similar to the pattern
reported in Inuit, and it has therefore been proposed that Nean-
derthals used their teeth in very similar ways (Ungar et al., 1997).
An early study of the Neanderthal dentition by Boule and Vallois
(1957), which examines the teeth of La Ferrassie, concludes thatthere were stronger anterior movements of the mandible than in
modern humans corroborated by the relatively large shallow gle-
noid fossa. Supporting evidence is provided by Smith (1976) who
ﬁnds that the severity of Neanderthal tooth wear, evaluated
through dentine exposure and presence of wear related patholo-
gies, is greater than that seen in Upper Paleolithic modern humans,
especially in regards to the anterior teeth. She suggests that this
difference is caused by an increase in functional demands on the
dentition and concomitant dental reduction. Puech’s (1981)
detailed examination of La Ferrassie 1’s dentition suggests that
the mastication of meat, plants and accompanying grit was
responsible for the heavy anterior wear observed in this Neander-
thal specimen, not the use of the teeth as tools. He also states that
the very unusual and severe wear on the anterior teeth was
accentuated by the anterior migration of masticatory pressures
towards the end of this specimen’s life. Others, such as Brace
(1975), however, consider this wear to have resulted from para-
masticatory activity.
One difﬁculty with these approaches lies in assessing the rate of
tooth wear in groups of fossils which contain individuals of widely
varying age-at-death and therefore overall level of tooth wear. As
anterior teeth are at the centre of the discussion, it seems logical to
make the comparison in terms of anterior tooth wear expressed as
a ratio of posterior tooth wear in each individual. If the anterior
dentition was indeed more heavily and/or more frequently loaded
than the posterior dentition in Neanderthals, it is to be expected
that these ratios would show consistently high values in Nean-
derthals of all ages-at-death, relative to other Late Pleistocene
hominins. This is what the project described here is designed to do.Materials
Tooth wear is measured in a sample of 2378 teeth from the
dentitions of 139 specimens. These individuals are divided into the
following groups; Neanderthals, Middle Palaeolithic modern
humans, Upper Palaeolithic/Early Epi-Palaeolithic modern humans
and modern day Inuit (Tables 1 and 2). The Neanderthal sample
comes from sites in both Europe andWestern Asia, including Amud,
Kebara, Krapina, La Ferrassie, La Quina, Régourdou, Saccopastore,
Shanidar, Spy, Tabun and Vindija. Specimens from the sites of
Qafzeh and Skhul in modern day Israel make up the Middle
Palaeolithic modern human group. The Upper Palaeolithic and
Early Epi-Palaeolithic modern human groups contain individuals
from sites in Europe, such as Abri Pataud, Dolní Vestonice, Far-
incourt, Isturitz, Lachaud, La Madelaine, Le Placard and Pavlov;
Western Asia including, Ein Gev and Ohalo, and Afalou-bou-
Rhummel in North Africa.
The sample of modern day Inuit comes from the island
community of Igloolik, located in the north-eastern corner of the
Melville Peninsula, Northwestern Territories, Canada. Dental
research was conducted here as part of the International Biological
Programme Human Adaptability Project between 1968 and 1973.
Table 2
Specimens.
Group Source of image Specimens
Neanderthals Original specimens Amud 1, La Ferrassie 1
Kebara 2, Krapina 54, 55, 57, 58 & 59, Spy 1 & 2, Tabun II and CI Vindija 206 & 231
Casts Quina 5, Régourdou 1 and Saccopastore 2
Published photographs La Ferrassie 2 and Shanidar 1, 2 & 5
Middle Palaeolithic MHs Original specimens Skhul V and Qafzeh 5, 7, 9 &11.
Upper Palaeolithic/Early
Epi-Palaeolithic MHs
Original specimens Abri Pataud 1, Afalou-bou-Rhummel 1, 3, 10, 13 & 28, Dolní Vestonice 13, 14 15 & 16, Ein Gev 1,
Farincourt, Isturitz series 7B & 71, Lachaud 3 & 5, La Madeleine 1, Le Placard 26, 28, 32, 42 & 43,
Ohalo II-H1 & II-H2 and Pavlov 1, 2 & 3.
Inuit of Igloolik Casts All
MHs¼Modern Homo sapiens.
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impressions collected from the local population between 1969 and
1971 (Mayhall, 1972). The relative isolation of this population at the
start of the Adaptability Project meant that most individuals were
still practicing a traditional lifestyle, which is reﬂected in their
heavy tooth wear. The Inuit of Igloolik had access to a wide variety
of abundant wildlife, including walrus, ringed seals, bearded seals,
narwhal, caribou, artic wolf, hare, fox, and char and lake trout
(Crowe, 1969). Sea mammal hunting was the major form of
subsistence and caribou hunting was secondary to this. The uses of
the teeth, for purposes other than mastication, were determined
through extensive informal interviews, and bothmales and females
were noted as using their teeth in activities such as softening
rawhide for clothes (Mayhall, 1972). The dental morphology of the
Igloolik sample fell within the normal range of Inuit populations
with a high prevalence of incisor shovelling (Mayhall, 1976).1 Despite some individuals departing from the standard sequence (Smith and
Garn, 1987), most modern humans follow a basic pattern for the eruption of
teeth into the mouth (Hillson, 1996). It is also important to note that Neanderthals
generally possessed the same eruption sequence as modern humans, so direct
comparisons are possible, even though much less is known about the eruption
timings of their teeth (Dean et al., 2001; Smith et al. 2007).Methods
This study measures the area of exposed occlusal dentine using
digital photographs of original specimens and casts or scans of
published images. Ourmethodmaximises the number of dentitions
that could be included by allowing the use of low-resolution casts,
photographs and published images. The method also has the added
advantage of providing a continuous measurement, which records
ﬁne variations in dentine exposure.
For directly examined specimens (casts and actual teeth), digital
photographs are taken of the occlusal surface of themandibular and
maxillary teeth, using a Casio z40 camera and tripod. The teeth are
positioned in the centre of the photograph with the lens of the
camera perpendicular to their occlusal surfaces. In the case of
published photographs, these are scanned at 300 dpi using
a conventional ﬂatbed scanner. Tooth wear is measured from the
photograph or scanned image using image analysis software (Sigma
Scan Pro). The margin of the occlusal surface of each tooth is out-
lined using a graphics tablet. The program determines the area by
counting the number of pixels enclosed within this perimeter. The
darker area of dentine, often stained brown in fossil and archaeo-
logical specimens, is then measured using the same method. If
isolated patches of dentine are present on the occlusal surface of
a tooth, they are measured individually and added together to
calculate the total area. The summed area of dentine is then divided
by the area of the occlusal surface to create a dentine proportion.
Pixels are used instead of calibrated measurements to calculate the
area of the occlusal surface and dentine, so it is not necessary to
include a scale in each picture. Calibrated measurements are not
needed because the method uses the ratio of areas. This also mini-
mises the effect of variations in tilt of the occlusal surface relative to
the camera. Occlusal surfaces that are damaged from heavy chip-
ping, cracking or dental disease are excluded from the analysis.
Many specimens lack a complete dentition, so it is sometimes
necessary to substitute an antimere for a missing tooth. Thepossible effect of wear asymmetry was tested on a sample of 30
specimens from this study using a ManneWhitney U test, and no
signiﬁcant differences between the dentine proportions of any
teeth from the left and right sides of themaxilla andmandible were
found (P> 0.05) (Clement, 2008 see SOM). Dentine proportions for
the left and right teeth of the maxilla or mandible are, therefore,
combined. When only one side is preserved, this dentine propor-
tion is used andwhen both antimeres are present the average of the
two scores is taken.
In addition, the repeatability of this method was tested by
calculating the inter- and intra-observer measurement error for ten
relatively complete specimens from a medieval sample; the effect
of the angle of the camera in relation to the occlusal surface of
teeth, and the measurement variation between digital photographs
of the original, casts and scans of published images from the same
specimens. These errors were addressed and found not to exceed
2%, and a full presentation of the analysis and data can be found in
the SOM that accompany the paper.
Tooth wear and the eruption sequence
The dental eruption sequence is an important consideration
when interpreting tooth wear patterns because it dictates the
amount of time each tooth is exposed to wear. The ﬁrst molar, for
example, is normally the ﬁrst permanent tooth to erupt, between
six and eight years of age, whereas the third molar erupts signiﬁ-
cantly later in an individual’s life, during the late teens and early
twenties (Schour and Massler, 1941; Gustafson and Koch, 1974;
Hillson,1996). Thus, the ﬁrst molar is exposed to considerably more
wear (10e16 years) than the third molar. If we assume a constant
rate of wear for all teeth then at any age it follows that earlier
erupting teeth will exhibit the most advanced wear. If the rate of
tooth wear is not constant for all teeth, then the degree of wear will
not reﬂect the expected eruption sequence. This is the fundamental
principle of the interpretations of wear patterns in this study.
Mean eruption times, such as those provided by Garn et al.
(1972), can be used to suggest the expected wear pattern for an
individual.1 Figure 1 illustrates the differences in years between the
eruption of the ﬁrst molar and the other teeth within the maxilla
and mandible. The ﬁrst molar is normally the ﬁrst permanent tooth
to erupt in both the maxilla and mandible, and all other teeth fall
below this dashed line, which represents the ﬁrst molar. This ex-
pected wear pattern graph can be used to suggest the relative
exposure to wear of different teeth. Due to its early eruption, the
ﬁrst molar is expected to be the most heavily worn tooth, closely
Figure 2. Maxillary Dentition e Neanderthal wear ratios (percent of occlusal surface
area occupied by dentine), relative to the ﬁrst molar. For a list of specimens included,
see Table 2. This box plot (and the following ones) represents each individual tooth,
starting with the back of the mouth (third molars) following through to the front (ﬁrst
incisors) e the ﬁrst molar is not included as it is the reference tooth for these ratios.
The top and bottom of each box represent the upper and lower quartile values, and so
the height of the box represents the inter-quartile range. The bar inside each box
represents the median, and the ‘whiskers’ represent the overall range of values.
Outliers are represented by ‘O’ and ‘*’ symbols: ‘O’ indicates values which are sepa-
rated from the upper or lower quartile by more than 1.5 times the inter-quartile range;
‘*’ indicates values separated by more than three times the inter-quartile range. The
outlier labelled “1” represents La Ferrassie 1.
Figure 1. Mean eruption timings for all of the teeth within the maxilla and mandible,
relative to the ﬁrst molar. The vertical axis represents the average eruption timings and
the horizontal axis represents the tooth type. The ﬁrst molar is not shown as it is being
used as the reference tooth, but is represented by a horizontal dashed line passing
through 0 on the vertical axis. As the pattern of wear through the dentition strongly
reﬂects relative eruption timing, this represents the expected pattern of wear. Mean
eruption times from Garn et al. (1972).
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second molars, all demonstrate slightly later eruption times and
would therefore be expected to be less worn. Finally, the third
molar erupts much later than the others and is expected to show
the least wear.
A complicating factor is that the pattern will tend to become
obscured with age; that is, older individuals will have more wear
(e.g. Lovejoy, 1985, Buikstra et al., 1994). To remove age as a factor,
we present the wear measure of each tooth as a ratio of the wear
measure for one particular reference tooth in the dentition. The ﬁrst
molar is selected as it is usually the ﬁrst tooth to erupt, but any
tooth can be used. The dentine proportions of each tooth are
therefore divided by the dentine proportion of the ﬁrst molar from
the same jaw. In this study, the resulting ﬁgure for each tooth in
each individual is known as the wear ratio. Those teeth with
a similar wear state to the ﬁrst molar should therefore have a wear
ratio near 1. Thosewith morewear should have awear ratio greater
than 1, and those with less wear should have a wear ratio of less
than 1. This method has been tested in two archaeological collec-
tions of medieval monks from London, whosewear patterns closely
follow that illustrated in the expected wear pattern, as determined
from the eruption sequence (Clement, 2007).Results
Neanderthals
For Neanderthal maxillary anterior teeth, the wear ratios (rela-
tive to the ﬁrst molar) are high (Figure 2). In fact, in no individual is
a maxillary incisor or canine less worn than the ﬁrst molar from the
same jaw. Themedian ratios of both incisors and the canines cluster
around 1.6 and their inter-quartile ranges overlap one another
extensively. This is not what would be expected if the wear merely
reﬂects the eruption sequence, where the ﬁrst molars and ﬁrst
incisors should show a similar level of wear, the second incisor
slightly less, and the canines even less. The anterior teeth also differ
from the maxillary posterior teeth in their greater variation of wearratio values. Their inter-quartile ranges are three or even four times
those of the posterior teeth. The differences in wear ratios between
the maxillary anterior and posterior teeth are all statistically
signiﬁcant (ManneWhitney U, P< 0.05).
The maxillary third premolar is at the crossover point of the
graph, showing a median wear ratio between that of the anterior
and posterior teeth. Its median wear ratio is about 1, whereas the
other maxillary posterior teeth all have median wear ratios of less
than 1. Although the third premolar’s inter-quartile range overlaps
1, the majority of the range is less than 1 and its wear ratios are not
statistically signiﬁcantly different from any of the other posterior
teeth (ManneWhitney U, P> 0.05). This tooth clearly belongs with
the other posterior teeth in terms of its wear state. Together, the
maxillary premolars have slightly higher median wear ratios and
inter-quartile ranges than do the second and third molars. In terms
of eruption sequence, the maxillary premolars would be expected
to be similar to the second molars. The third molars have a median
wear ratio slightly higher than the second molars and this is again
in contrast to the eruption sequence, which would predict the
opposite pattern.
The mandibular anterior teeth show strikingly higher median
wear ratios (relative to the mandibular ﬁrst molar), and much
larger inter-quartile ranges, than the maxillary anterior teeth and
for this reason they are plotted on a different scale to the maxillary
teeth (Figure 3). The mandibular incisor median values are three
times those of the ﬁrst molar, and in some individuals incisor wear
is more than six times that of the ﬁrst molars from the same jaw.
Even the canine median value is twice that of the ﬁrst molar, but
has a much smaller inter-quartile range than those of the incisors.
All of the mandibular anterior teeth show statistically signiﬁcant
Figure 4. Maxillary Dentition e Neanderthal, Middle Palaeolithic modern human and
Upper Palaeolithic/Early Epi-Palaeolithic modern humans wear ratios plotted sepa-
rately, relative to the ﬁrst molar (the vertical scale has been changed relative to
Figures 2 and 3 because of the even greater variability). For a list of specimens
included, see Table 2. For explanation of plot symbols, see Figure 2. Outlier labels: “1”
La Ferrassie; “26” Qafzeh 5; “45” Le Placard 32; “53” Dolní Vestonice 15; and “54” Dolní
Vestonice 16.
Figure 3. Mandibular Dentition e Neanderthal wear ratios, relative to the ﬁrst molar
(the vertical scale has been changed relative to Figure 2 to include the much greater
variability). For a list of specimens included, see Table 2. For explanation of plot
symbols, see Figure 2. Outliers labelled “9” and “6” represent Krapina 58 and Krapina
59, respectively.
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teeth (ManneWhitney U, P< 0.01).
The mandibular premolars and second and third molars show
less wear than the ﬁrst molars in almost all individuals, with just
a few individuals exceeding the ﬁrst molar wear ratio. Of these
teeth, the third premolars have a slightly higher wear ratio than do
the fourth premolars, which would be expected from the eruption
sequence. The second molar overlaps in its inter-quartile range
with both premolars, and the third molar has a mandibular wear
ratio lower than any of the other posterior teeth, again as expected
from the eruption sequence.Upper Palaeolithic/Early Epi-palaeolithic modern humans,
Neanderthals and Middle Palaeolithic modern humans compared
In the maxillary dentition the Neanderthals contrast strongly
with the Upper Palaeolithic/Early Epi-Palaeolithic modern humans,
whilst the Middle Palaeolithic modern humans ﬁt somewhere in
between (Figure 4). Most noticeable are the high and extremely
variable wear ratios in the Upper Palaeolithic and Early Epi-
Palaeolithic modern human maxillary ﬁrst incisors, but these are
not statistically signiﬁcantly different from the wear ratios of the
Neanderthals ﬁrst incisors (ManneWhitney U, P> 0.05). By
contrast, the wear ratios of the second incisors and canines are
much less variable and their median values are not far from 1. The
Middle Palaeolithic modern humans also show a higher median
wear ratio for their maxillary ﬁrst incisors than the Neanderthals,
together with a larger inter-quartile range, but this is not nearly so
marked as in the Upper Palaeolithic and Early Epi-Palaeolithic
modern humans and also not statistically signiﬁcantly different
(ManneWhitney U, P> 0.05). The median wear ratio value for
Middle Palaeolithic modern human maxillary second incisors is
about the same as for the Neanderthals, although they show
somewhat more variation, and their canines show considerably
lower wear ratios with the inter-quartile range overlapping 1. The
Neanderthal canines and incisors are clearly distinguished from theother two groups by their similar medians and inter-quartile
ranges, and by the fact that for all teeth the wear ratios are
above 1. However, only the wear ratios of the Upper Palaeolithic/
Early Epi-Palaeolithic modern human’s maxillary canines show
a statistically signiﬁcant difference from those of the Neanderthals
(ManneWhitney U, P< 0.05).
The posterior teeth show more similar patterns of wear that
quite closely resemble the eruption sequence in all groups. No
statistically signiﬁcant differences are found in these wear ratios
between the three groups (ManneWhitney U, P> 0.05). The
premolars show higher wear ratios for both the Neanderthals and
Middle Palaeolithic modern humans, with a median wear ratio of
about 1 for their third premolars, which represent the crossover
point of the graph. In the Upper Palaeolithic/Epi-Palaeolithic
modern humans, the crossover point lies between the third
premolar and canine. The thirdmolars have somewhat higher wear
ratios than expected from the eruption sequence in both the
Neanderthal and Middle Palaeolithic modern humans groups.
In the mandibular dentition, the Upper Palaeolithic/Early Epi-
Palaeolithic modern humans again stand out, but in a rather
different way to the maxillary dentition (Figure 5). In the Nean-
derthal and Middle Palaeolithic groups, all anterior teeth have
median wear ratios above 1, whereas the Upper Palaeolithic/Early
Epi-palaeolithic modern humans have lower median values, with
mandibular second incisors and canines near 1. The inter-quartile
ranges for Upper Palaeolithic/Early Epi-Palaeolithic modern
humans are also smaller and all overlap 1. In theMiddle Palaeolithic
mandibular anterior teeth, there is a strong gradient, with the
lowest median and smallest inter-quartile range in the canines,
followed by second incisors and then ﬁrst incisors which show
considerably higher median wear scores and inter-quartile ranges
than the Neanderthals. In the Neanderthals, the mandibular inci-
sors are similar in both median and inter-quartile range, whereas
the canines have lower median and inter-quartile range values.
Only the Neanderthal’s mandibular canines show statistically
signiﬁcant differences in their wear ratios to Upper Palaeolithic/
Early Epi-Palaeolithic modern human’s (ManneWhitney U,
P< 0.05).
Figure 7. Mandibular Dentition e Neanderthal and Inuit wear ratios plotted sepa-
rately, relative to the ﬁrst molar (the vertical scale is the same as for Figure 6). For a list
of specimens included, see Table 2. For explanation of plot symbols, see Figure 2.
Outlier labels: “4” Krapina 55; “6” Krapina 59; and “7” Krapina 54. Inuit outliers not
separately labelled because they all come from the same community.
Figure 5. Mandibular Dentition e Neanderthal, Middle Palaeolithic modern human
and Upper Palaeolithic/Early Epi-Palaeolithic modern humans wear ratios plotted
separately, relative to the ﬁrst molar (the vertical scale has been changed relative to
Figure 4 because of the even greater variability). For a list of specimens included, see
Table 2. For explanation of plot symbols, see Figure 2. Outlier labels: “4” Krapina 55;
“6” Krapina 59; “7” Krapina 54; “9” Krapina 58; and Dolní Vestonice 14.
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pected wear pattern from the eruption sequence in all groups, with
wear ratios falling below 1 and a strong downward gradient from
mandibular third premolars, to fourth premolars, to second molars
and third molars. No statistically signiﬁcant differences are found
between the wear ratios of the posterior teeth between the three
groups (ManneWhitney U, P> 0.05).
Inuit and Neanderthals compared
In themaxillary dentition, there is a strong contrast between the
wear patterns (relative to the ﬁrst molar) of the Neanderthals and
Inuit of Igloolik (Figure 6). The Inuit maxillary anterior teeth show
much higher median wear ratios and much larger inter-quartileFigure 6. Maxillary Dentition e Neanderthal and Inuit wear ratios plotted separately,
relative to the ﬁrst molar (the vertical scale is the same as for Figure 7). For a list of
specimens included, see Table 2. For explanation of plot symbols, see Figure 2. Outlier
labelled “1” represents La Ferrassie 1. Inuit outliers not separately labelled because
they all come from the same community.ranges than those of the Neanderthals (or indeed any of the Late
Pleistocene hominins, apart from the Upper Palaeolithic/Early Epi-
Palaeolithic maxillary ﬁrst incisors). This is particularly apparent in
the incisors, which show statistically signiﬁcant differences in their
ratios compared with the Neanderthals (ManneWhitney U,
P< 0.01). In the Neanderthals, the median wear ratios for the
anterior teeth all cluster around 1.6 with similar inter-quartile
ranges. In the Inuit, the incisor median wear ratios are three to
four times those of the Neanderthals. There is a strong gradient in
both medians and inter-quartile ranges going from canines to
second incisors to ﬁrst incisors. This is entirely lacking in the
Neanderthals. Contrastingly, the posterior teeth from both groups
all possess median wear ratios of less than 1. While the inter-
quartile ranges are slightly larger for the Inuit posterior teeth, the
median ratios for the premolars and thirdmolars are slightly higher
for the Neanderthals. No statistically signiﬁcant differences are
found between the Neanderthal and Inuit wear ratios for their
posterior teeth (ManneWhitney U, P> 0.05).
In the mandibular dentition, there is still a contrast between
Neanderthal and Inuit anterior tooth wear patterns but it is less
marked, due to the somewhat higher medians and inter-quartile
ranges in the Neanderthals’ mandibular incisors. For the mandib-
ular anterior teeth statistically signiﬁcant differences are only
found in the ﬁrst incisor and canine between the Neanderthals and
Inuit (ManneWhitney U, P< 0.01). Again, there is a strong gradient
in both medians and inter-quartile ranges for the Inuit group, going
from mandibular third premolars, to canines, second incisors and
ﬁrst incisors, which is lacking in the Neanderthals. All of the
mandibular posterior teeth from both groups possess wear ratio
medians of less than 1 and small inter-quartile ranges, relative to
the mandibular anterior teeth, apart from the third premolar in the
Inuit group, which rises above 1. The mandibular third premolar
shows a statistically signiﬁcant difference in its wear ratios
between the Neanderthals and Inuit (ManneWhitney U, P< 0.01).
We also compared the overall tooth wear present in the
maxillary andmandibular ﬁrst molars in all four groups. Each group
showed a large range of wear values for their maxillary and
mandibular ﬁrst molars, with the Inuit from Igloolik exhibiting
slightly lower mean dentine proportions for both their maxillary
and mandibular ﬁrst molars. The Upper Palaeolithic/Early Epi-
A.F. Clement et al. / Journal of Human Evolution 62 (2012) 367e376374Palaeolithic group possessed the highest mean dentine proportion
for their maxillary and mandibular ﬁrst molars. By comparing the
wear ratios between and within the different groups rather than
the dentine proportions the relative degree of anterior wear can be
assessed independently of the overall level of wear for any indi-
vidual dentition.
Discussion
The Anterior Dental Loading Hypothesis states that the high
magnitude of forces, resulting from masticatory and cultural use of
the anterior teeth, was an important factor in the evolution of the
Neanderthals’ unique facial anatomy (Smith, 1983; Rak, 1986;
Demes, 1987; Brace, 1995). One of the main sources of evidence for
this high magnitude of forces is the heavy tooth wear that has
frequently been observed on Neanderthal anterior teeth. The
amount of wear present on these anterior teeth was therefore
predicted to exceed that present on the ﬁrst molars and indeed on
all of the other posterior teeth. In addition, it was suggested that if
the Anterior Dental Loading Hypothesis was correct then other
groups of hominins with different facial morphologies from the
Neanderthals would exhibit lower levels of anterior tooth wear.
Almost all of the Neanderthal specimens included in this study
possess heavier anterior tooth wear than recent archaeological
populations eating an agriculturally-based diet (Clement, 2007,
2008). In general, the mandibular anterior teeth display higher
wear ratios than the maxillary anterior teeth, and the maxillary
third premolars higher wear ratio values than the other posterior
teeth. If the pattern of wear reﬂects themagnitude of forces applied
by the dentition, then it seems reasonable to suggest that the
heaviest forces were applied by Neanderthals in the anterior part of
their dentition, including incisors, canines and third premolars. The
wear ratios are greater in the mandibular anterior dentition, the
part that would have been moving in life (Hylander 1977).
In contrast to the pattern of wear predicted from the eruption
sequence of the teeth (Figure 1), these results conﬁrm that Nean-
derthals were exerting strong forces on their anterior teeth.
Discussion of the Anterior Dental Loading Hypothesis further
predicts that only Neanderthals would show this pattern of heavy
anterior wear, or at least that it would be markedly heavier than
that observed in any other hominin. However, the results of this
study show that the Neanderthal specimens are neither unique, nor
do they have extreme anterior tooth wear, when compared with
a sample of Late Pleistocene hominins and recent hunteregatherers
from Igloolik, Canada. Middle Palaeolithic modern human speci-
mens from Qafzeh and Skhul show higher median wear ratios than
the Neanderthals in the maxillary incisors and mandibular ﬁrst
incisors, with larger inter-quartile ranges. It would seem reasonable
to suggest that these hominins were also habitually applying forces
between their anterior teeth that were at least as high as those
applied by Neanderthals, or were repeated as frequently.
The Anterior Dental Loading Hypothesis could be taken to
predict that there should therefore be some similarities in the
morphology of their teeth, jaws and face. Whilst more robust than
Upper Palaeolithic modern humans, the Qafzeh and Skhul speci-
mens lack key Neanderthal features, such as a large nasal aperture,
swept back zygomatic arches and a retromolar space in the
mandible, alongwith a prominent mental eminence and somewhat
reduced brow ridges. The morphology is still distinctive, however,
with large teeth in robust jaws and a heavily buttressed face that
differs markedly from later modern humans. It is possible that the
morphology represents an adaptation of a different kind in sup-
porting the teeth under the application of heavy loads. This is
undermined by the observation in this study that Upper Palae-
olithic and Early Epi-Palaeolithic modern humans also showevidence of heavy anterior tooth wear, relative to the posterior
teeth. The pattern is slightly different to that of the Middle Palae-
olithic modern humans, being mainly concentrated in the ﬁrst
incisors, which in the maxilla show not only a high median value,
but also an extremely wide range in values. In fact, some specimens
possess exposed dentine proportions up to 35 times that of the ﬁrst
molar, a level of wear that is only equalled by the Inuit of Igloolik.
Investigation of this unusual wear pattern (Clement, 2008) shows
that the specimens from the Central European sites of Dolní
Vestonice and Pavlov are responsible for the higher dentine
proportions in themaxillary ﬁrst incisors, relative to the ﬁrst molar.
This pattern of wear also suggests that these Upper Palaeolithic/
Early Epi-Palaeolithic modern humans were able to apply heavy
forces with their anterior dentitionwithout the facial morphologies
that characterise either group of Middle Palaeolithic hominins.
The heavy anterior tooth wear of Inuit hunteregatherers has
been said to echo that of the Neanderthals (Leigh, 1925; Pedersen,
1947; Bang and Hasund, 1971; Hylander, 1977; Rak, 1986; Demes,
1987; Mayhall and Kanazawa, 1989; Ungar et al., 1997; Bailey,
2002). However, until now the relationship between Inuit and
Neanderthal tooth wear has not been formally measured. Although
we found both the Neanderthals and Inuit from Igloolik to exhibit
a pattern of heavy anterior tooth wear, Inuit anterior wear is by far
the greater of the two in both the maxillary and the mandibular
dentition. The biggest difference occurs in the maxillary incisors,
with the Inuit possessing median wear ratios that are three to four
times those of the Neanderthals. The Igloolik Inuit also possess
much larger inter-quartile ranges and overall ranges in wear ratios.
However, the anterior wear is more evenly spread in the Nean-
derthals than in the Inuit. If tooth wear reﬂects the magnitude of
forces being placed on the dentition, then the extremely high wear
ratios displayed by the Inuit of Igloolik suggests that they were
subjecting their anterior teeth to much stronger or more repetitive
forces than the Neanderthals. This questions the assumption that
their teeth were used to perform similar tasks.
The results of this study therefore suggest that the heavy wear
frequently observed in Neanderthal specimens falls within the
range of both Late Pleistocene hunteregatherers and recent Inuit
from Igloolik and can no longer be used as supporting evidence for
the Anterior Dental Loading Hypothesis.
Tooth wear is, however, a complex process affected by a multi-
tude of different factors, including biological, physical and cultural
(Barrett and Brown, 1975; Kaifu et al., 2003). It could be argued that
the dental morphology and size of the Neanderthal anterior teeth
enabled them to better resist the process of wear than Late Pleis-
tocene and more recent hunteregatherers from Igloolik. While this
possibility cannot currently be discounted, the Inuit, who possess
similar dental morphologies in their anterior teeth to the Nean-
derthals such as incisor shovelling, show even higher tooth wear
ratios for their anterior teeth compared to their posterior teeth. This
suggests that the dental morphology of these teeth was insufﬁcient
in resisting the heavy forces being placed upon them.
Although Neanderthals possessed a similar eruption sequence
to modern humans, much less is known about the eruption timings
of the teeth (Dean et al., 2001; Smith et al., 2007). Whilst differ-
ences in eruption timings between Neanderthals and modern
humans might have a small impact on their expected wear pattern,
it would not affect the expected order of wear between individual
teeth. Differences in eruption timing could therefore not explain
the lack of extreme anterior tooth wear in Neanderthals compared
with other groups of Late Pleistocene and the more recent modern
humans from Igloolik.
It could also be argued that high magnitudes of force may not
necessarily result in increased tooth wear and that the heavy
anterior tooth wear frequently observed in groups of
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Hinton, 1981; Puech, 1981; Richards, 1985; Mayhall and Kanazawa,
1989; Clement, 2008) was rather the result of their repetitive use.
Whilst repetitive use of the anterior teeth would have undoubtedly
contributed to the tooth wear observed in these teeth, the rela-
tionship between heavy tooth wear and the magnitude of forces
has previously been documented (Hylander, 1977; Hinton, 1981;
Richards, 1985; Kiliaridis et al., 1995). The work of Hylander (1977)
has shown that the Inuit of Canada, Alaska and Greenland placed
a high magnitude of forces on their anterior teeth, more than any
other group of modern humans. The wear pattern observed in this
study for the Inuit of Igloolik strongly shows that the anterior teeth,
which are subjected to the highest magnitude of forces, are also the
most heavily worn teeth within their dentition.
The results of this study also support the work by Antón (1994)
and O’Connor et al. (2005) by suggesting that Neanderthals were
not generating considerably heavier anterior dental loads than
early modern or recent modern humans. These studies further
suggest that the increased dental wear on their anterior teeth could
only be the result of repetitive use. The results of this study,
however, do not demonstrate that Neanderthals actually possess an
increased amount of wear on their anterior teeth, relative to their
posterior teeth, compared to other a sample of both Late Pleisto-
cene hominins and recent hunteregatherers from Igloolik.
Conclusions
The new method used in this study to measure and assess the
pattern of tooth wear, combined with availability of a large
collection of digital images and published illustrations, make it
possible to produce a large database of measurements for Nean-
derthals, Middle Palaeolithic modern humans, Upper Palaeolithic
and Early Epi-Palaeolithic modern humans. Contrary to previous
assumptions, the evidence provided by this analysis of Late Pleis-
tocene tooth wear patterns does not directly support the Anterior
Dental Loading Hypothesis as an explanation of the selective
pressures driving the evolution of the Neanderthals’ unique cranio-
facial morphology. A simple prediction of this hypothesis is that
Neanderthals should have a uniquely heavy concentration of wear
in the anterior part of the dentition. While the degree of wear
present on their anterior teeth relative to the posterior teeth is high,
it is not exceptional when compared with that of Middle Palae-
olithic modern humans or Upper Palaeolithic and Early Epi-
Palaeolithic modern humans. Both these groups of modern
humans possess very different cranio-facial morphologies to the
Neanderthals. The Late Pleistocene hominins all have heavy ante-
rior tooth wear, relative to the posterior teeth, but it is dwarfed by
that of the modern Inuit hunteregatherers from Igloolik.
The Neanderthals do however show a unique pattern of wear,
with evenness in the wear across the anterior dentition that is not
observed in any of the modern human groups. This evenness of
wear is matched by a wider dental arcade accommodating large
anterior teeth, relative to the rest of the dentition.
Acknowledgements
The authors wish to thank Dr. Charles FitzGerald, McMaster
University, for supplying the images of the majority of the Late
Pleistocene hominin fossils, Professor John Mayhall from the
University of Toronto for access to the dental casts from Igloolik,
Canada and Dr. Robert Kruszynski for granting access to the
Neanderthal fossils housed at the Natural HistoryMuseum, London,
England. We are also grateful to the two anonymous reviewers as
well as the associate editor and editor for their comments and
suggestions, which helped improve the manuscript. This researchwas funded by the Arts and Humanities Research Council and the
Leverhulme Trust.
Appendix. Supplementary material
Supplementary data related to this article can be found online at
doi:10.1016/j.jhevol.2011.11.014.
References
Antón, S.C., 1990. Neandertals and the anterior dental loading hypothesis:
a biomechanical evaluation of bite force production. Kroeber Anthropol. Soc.
Paper. 71e72, 67e76.
Antón, S.C., 1994. Biomechanical and other perspectives on the Neandertal face. In:
Corruccini, R.S., Ciochon, R.L. (Eds.), Integrative Paths to the Past. Prentice Hall,
Englewood Cliffs, pp. 677e695.
Bailey, S.E., 2000. Dental morphological afﬁnities among late Pleistocene and recent
humans. Dent. Anthropol. 14, 1e8.
Bailey, S.E., 2002. A closer look at Neanderthal postcanine dental morphology: the
mandibular dentition. Anat. Rec. 269, 148e156.
Bailey, S.E., 2006. Beyond shovel-shaped incisors: Neandertal dental morphology in
a comparative context. Period. Biol. 108, 253e267.
Bang, G., Hasund, A., 1971. Morphological characteristics of the Alaskan Eskimo
Dentition. Am. J. Phys. Anthropol. 35, 43e48.
Barrett, J.A., Brown, T., 1975. Comments in Wallace, J.A., Did La Ferrassie I use his
teeth as a tool? Curr. Anthropol. 16, 393e441.
Bax, J.S., Ungar, P.S., 1999. Incisor labial surface wear striations in modern humans
and their implications for handedness in the Middle and Late Pleistocene
Hominids. Int. J. Osteoarchaeol. 9, 189e198.
Bermúdez de Castro, J.M., Bromage, T.G., Jalvo, Y.F., 1988. Buccal striations of fossil
human anterior teeth: evidence of handedness in the Middle and Early Upper
Pleistocene. J. Hum. Evol. 17, 403e412.
Boule, M., Vallois, H.V., 1957. Fossil Men. Dryden Press, New York.
Brace, C.L., 1962. Cultural factors in the evolution of the human dentition. In:
Montague, M.F.A. (Ed.), Culture and the Evolution of Man. Oxford University
Press, Oxford, pp. 343e354.
Brace, C.L., 1964. The fate of the “classic” Neanderthals: a consideration of hominid
catastrophism. Curr. Anthropol. 5, 3e43.
Brace, C.L., 1975. Comments in, Wallace, J.A., Did La Ferrassie I use his teeth as tools?
Curr. Anthropol. 16, 393e410.
Brace, C.L., 1995. Biocultural interaction and the mechanism of mosaic evolution in
the emergence of ‘modern’ morphology. Am. Anthropol. 97, 711e721.
Brace, C.L., Ryan, A.S., Smith, B.H., 1981. Comments on: ‘Tooth Wear in La Ferrassie
man’. Curr. Anthropol. 22, 426e430.
Brothwell, D., 1975. Adaptive growth rate changes as a possible explanation for the
distinctiveness of the Neanderthalers. J. Archaeol. Sci. 2, 161e163.
Buikstra, J.E., Frakenberg, S., Lambert, J.B., Xue, L.A., 1994. Standards for Data
Collection from Human Skeletal Remains. Arkansas Archaeological Survey,
Fayetteville.
Carey, J.W., Steegman Jr., A.T., 1981. Human nasal protrusion, latitude and climate.
Am. J. Phys. Anthropol. 56, 513e519.
Clement, A.F., 2000. Gibraltar I: a detailed study. M.Sc. Dissertation, University
College London.
Clement, A.F., 2007. A new method for recording tooth wear. In: Zakrzewski, S.R.,
White, W. (Eds.), Proceedings of the Seventh Annual Conference of the British
Association for Biological Anthropology and Osteoarchaeology. BAR Interna-
tional Series 1712. Archeopress, Oxford, pp. 72e81.
Clement, A.F., 2008. Tooth wear patterns in Neanderthal and early modern humans.
Ph.D. Dissertation, University College London.
Coon, C.S., 1962. The Origin of Races. Knopf, New York.
Couture, C., 1993. Changements de position du massif facial et de l’articulation
temporomandibulaire dans la lignée Néandertalienne. Organisation crânio-
maxillo-faciale des néandertaliennes. C. R. Acad. Sci. II. 316, 1627e1633.
Crowe, K.J., 1969. A Cultural Geography of the Northern Foxe Basin. N.W.T. Northern
Science Research Group, Department of Indian Affairs and Northern Develop-
ment, Ottawa.
Crummett, T., 1995. The three dimensions of shovel-shaping. In: Moggi-Cecchi, J.
(Ed.), Aspects of Dental Biology: Palaeontology, Anthropology and Evolution.
International Institute for the Study of Man, Florence, pp. 305e313.
Dean, C., Leakey, M.G., Reid, D., Schrenk, F., Schwartz, G.T., Stringer, C., Walker, A.,
2001. Growth processes in teeth distinguish modern humans from Homo
erectus and earlier hominins. Nature 414, 628e631.
Demes, B., 1987. Another look at an old face: biomechanics of the Neandertal facial
skeleton reconsidered. J. Hum. Evol. 16, 297e303.
Fox, C.L., Frayer, D.W., 1997. Non-dietary marks in the anterior dentition of the
Krapina Neanderthals. Int. J. Osteoarchaeol. 7, 133e149.
Franciscus, R.G., 2003. Internal nasal ﬂoor conﬁguration in Homo with special
reference to the evolution of Neandertal facial form. J. Hum. Evol. 44, 701e729.
Franciscus, R.G., Trinkaus, E., 1988. The Neandertal nose. Am. J. Phys. Anthropol. 75,
209e210.
Garn, S.M., Wertheimer, F., Sandusky, S.T., McCann, M.B., 1972. Advanced tooth
emergence in Negro individuals. J. Dent. Res. 51, 1506.
A.F. Clement et al. / Journal of Human Evolution 62 (2012) 367e376376Green, M., Smith, F.H., 1990. Neandertal craniofacial growth. Am. J. Phys. Anthropol.
S81, 232.
Gustafson, G., Koch, G., 1974. Age estimation up to 16 years of age based on dental
development. Odontol. Revy 25, 297e306.
Hillson, S., 1996. Dental Anthropology. Cambridge University Press, Cambridge.
Hinton, R.J., 1981. Form and patterning of anterior tooth wear among aboriginal
human groups. Am. J. Phys. Anthropol. 54, 555e564.
Holton, N.E., Franciscus, R.G., 2008. The paradox of a wide nasal aperture in cold-
adapted Neandertals: a causal assessment. J. Hum. Evol. 55, 942e951.
Howell, F.C., 1951. The place of Neanderthal man in human evolution. Am. J. Phys.
Anthropol. 9, 379e416.
Howell, F.C., 1952. Pleistocene glacial ecology and the evolution of “classic” Nean-
dertal man. Southwest J. Anthropol. 8, 377e410.
Hublin, J.-J., 1990. Le passage du Paléolithique moyen au Paléolithique supérieur en
Europe: Un point de vue paléogéographique. In: Farizy,, C. (Ed.), Paléolithique
moyen récent et Paléolithique supérieur ancien en Europe. Mémoires du musée
de Préhistoire d’Île-de-France, vol. 3, pp. 29e38.
Hublin, J.-J., 1998. Climatic changes, paleogeography, and the evolution of the
Neandertals. In: Akazawa, T., Aoki, K., Bar-Yosef, O. (Eds.), Neanderthals and
Modern Humans in Western Asia. Plenum Press, New York, pp. 295e310.
Hublin, J.-J., 2000. Modern-nonmodern hominid interactions: a Mediterranean
perspective. In: Bar-Yosef, O., Pilbeam, D. (Eds.), The Geography of Neandertals
and Modern Humans in Europe and the Greater Mediterranean. Peabody
Museum, Harvard University, Cambridge, MA, pp. 157e192.
Hylander, W.L., 1977. Adaptive signiﬁcance of Eskimo craniofacial morphology. In:
Dahlberg, A.A., Graber, T.M. (Eds.), Orofacial Growth and Development. Mouton,
The Hague, pp. 129e169.
Kaifu, Y., Kasai, K., Townsend, G.C., Richards, L.C., 2003. Tooth wear and the ‘design’
of the human dentition: a perspective from evolutionary medicine. Yearb. Phys.
Anthropol. 46, 47e61.
Kiliaridis, S., Johansson, A., Haraldson, T., Omar, R., Carlsson, G., 1995. Craniofacial
morphology, occlusal traits, and bit force in persons with advances occlusal
attrition. Am. J. Orthod. Dentofacial. Orthop. 107, 286e292.
Laitman, J.T., Reidenberg, J.S., Marquez, S., Gannon, P.J., 1996. What the nose knows:
new understandings of Neanderthal upper respiratory tract specialization. Proc.
Natl. Acad. Sci. U.S.A. 93, 10543e10545.
Lalueza, C., Pérez-Pérez, A., Turbon, D., 1996. Dietary inferences through buccal
microwear analysis of Middle and Upper Pleistocene human fossils. Am. J. Phys.
Anthropol. 100, 367e387.
Leigh, R.W., 1925. Dental pathology of the Eskimo. Dent. Cosmos 67, 884e898.
Lovejoy, C.O., 1985. Dental wear in the Libben population: its functional pattern and
role in the determination of adult skeletal age at death. Am. J. Phys. Anthropol.
68, 47e56.
Maureille, B., Bar, D., 1999. The premaxilla in Neandertal and early modern children:
ontogeny and morphology. J. Hum. Evol. 37, 137e152.
Mayhall, J.T., 1972. Dental studies: progress report 1971. In: Hughes, D.R. (Ed.), 1972.
International Biological Programme Human Adaptability Project (Igloolik,
N.W.T.), vol. 4. Department of Anthropology, University of Toronto, pp. 21e32.
Mayhall, J.T., 1976. The morphology of the permanent dentition of prehistoric and
modern central arctic eskimoid peoples: a study of their biological relation-
ships. Ph.D. Dissertation, University of Chicago.
Mayhall, J.T., Kanazawa, E., 1989. Three-dimensional analysis of the maxillary ﬁrst
molar crowns of Canadian Inuit. Am. J. Phys. Anthropol. 78, 73e78.
Molnar, S., 1972. Tooth wear and culture: a survey of tooth functions among some
prehistoric populations. Curr. Anthropol. 13, 511e526.
Nicholson, E., Harvati, K., 2006. Quantitative analysis of human mandibular shape
using three-dimensional geometric morphometrics. Am. J. Phys. Anthropol. 131,
368e383.
O’Connor, C.F., Franciscus, R.G., Holton, N.E., 2005. Bite force production capability
and efﬁciency in Neandertals and modern humans. Am. J. Phys. Anthropol. 127,
129e151.
Pedersen, P.O., 1947. Dental investigations of Greenland Eskimo dentitions. Proc. R.
Soc. Med. 40, 726e732.Ponce de León, M.S., Zollikofer, C.P.E., 2001. Neanderthal cranial ontogeny and its
implications for late hominid diversity. Nature 412, 534e538.
Puech, P.F., 1981. Tooth wear in La Ferrassie Man. Curr. Anthropol. 22, 424e430.
Rak, Y., 1986. The Neanderthal: a new look at an old face. J. Hum. Evol. 15,
151e164.
Richards, L.C., 1985. Dental attrition and craniofacial morphology in two Australian
aboriginal populations. J. Dent. Res. 64, 1311e1315.
Rosas, A., Bastir, M., Martínez-maza, C., García-Tabernero, A., Lalueza-Fox, C., 2006.
Inquiries into Neanderthal craniofacial development and evolution: “accretion”
versus “organismic” models. In: Harvati, K., Harrison, T. (Eds.), Neanderthals
Revisited: New Approaches and Perspectives. Springer, The Netherlands,
pp. 37e70.
Schour, I., Massler, M., 1941. Studies in tooth development: the growth pattern of
human teeth. J. Am. Dent. Assoc. 27, 1778e1792.
Smith, F.H., 1991. The Neandertals: evolutionary dead ends or ancestors of modern
people? J. Anthrop. Res. 47, 219e238.
Smith, P., 1976. Dental pathology in fossil hominids e what did Neanderthals do
with their teeth? Curr. Anthropol. 17, 149e151.
Smith, F.H., 1983. Behavioural interpretations of changes in craniofacial morphology
across the archaic/modern Homo sapiens transition. In: Trinkaus, E. (Ed.), The
Mousterian Legacy. BAR International Series 164, pp. 141e163. Oxford.
Smith, B.H., Garn, S.M., 1987. Polymorphisms in eruption sequence of permanent
teeth in American children. Am. J. Phys. Anthropol. 74, 289e303.
Smith, F.H., Green, M., 1991. Heterochrony, life history and Neandertal morphology.
Am. J. Phys. Anthropol. S12, 164.
Smith, F.H., Paquette, S.P., 1989. The adaptive basis of Neandertal facial form, with
some thoughts on the nature of modern human origins. In: Trinkaus, E. (Ed.),
The Emergence of Modern Humans. Cambridge University Press, Cambridge,
pp. 181e210.
Smith, T.M., Toussaint, M., Reid, D.J., Olejniczak, A.J., Hublin, J.-J., 2007. Rapid dental
development in a Middle Paleolithic Belgian Neanderthal. Proc. Natl. Acad. Sci.
U.S.A. 104, 20220e20225.
Spencer, M.A., Demes, B., 1993. Biomechanical analysis of masticatory system
conﬁguration in Neandertals and Inuit. Am. J. Phys. Anthropol. 91, 1e20.
Stewart, T.D., 1959. Restoration and study of the Shanidar 1 Neanderthal skeleton in
Baghdad. Yearb. Am. Philos. Soc. 1958, 274e278.
Stringer, C.B., Hublin, J.-J., Vandermeersch, B., 1984. The origin of anatomically
modern humans in Western Europe. In: Smith, F.H., Spencer, F. (Eds.), The
Origins of Modern Humans: A World Survey of the Fossil Evidence. Alan R. Liss
Inc., New York, pp. 51e135.
Tappen, N.C., 1985. The dentition of the old man of La-Chapelle-aux-Saints and
inferences concerning Neanderthal behaviour. Am. J. Phys. Anthropol. 66, 237.
Tattersall, I., Schwartz, J.H., 1998. Morphology, Paleoanthropology, and Neander-
thals. Anat. Rec. 253, 113e117.
Tillier, A.M., Arensburg, B., Rak, Y., Vandermeersch, B., 1995. Middle Palaeolithic
dental caries: new evidence from Kebara (Mount Carmel, Israel). J. Hum. Evol.
29, 189e192.
Trinkaus, E., 1978. Dental remains from the Shanidar Adult Neanderthals. J. Hum.
Evol. 7, 369e382.
Trinkaus, E., 1983. The Shanidar Neanderthals. Academic Press, London.
Trinkaus, E., 1987. The Neandertal face: evolutionary and functional perspectives on
a recent hominid face. J. Hum. Evol. 16, 429e443.
Ungar, P.S., Fennell, K.J., Gordon, K.G., Trinkaus, E., 1997. Neanderthal incisor
bevelling. J. Hum. Evol. 32, 407e421.
Wallace, J.A., 1975. Did La Ferrassie I use his teeth as a tool? Curr. Anthropol. 16,
393e410.
Weaver, T.D., Roseman, C.C., Stringer, C.B., 2007. Were Neandertal and modern
human cranial differences produced by natural selection or genetic drift?
J. Hum. Evol. 53, 135e145.
Weaver, T.D., 2009. The meaning of Neandertal skeletal morphology. Proc. Natl.
Acad. Sci. U.S.A. 106, 16028e16033.
Wolpoff, M.H., 1971. Metric Trends in Hominid Dental Evolution. Press of Case
Western Reserve University, Cleveland.
